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ABSTRACT 
 
In the frame of the development of thin crystalline silicon solar cell technologies, surface nanopattening of silicon is gaining 
importance. Its impact on the material quality is however not yet fully controlled. We investigate here the influence of surface 
nanotexturing on the series resistance of a contacting scheme relevant for thin-film crystalline silicon heterojunction solar cells. 
Two-dimensional periodic nanotextures are fabricated using a combination of nanoimprint lithography and either dry or wet 
etching, while random pyramid texturing is used for benchmarking. We compare these texturing techniques in terms of their 
effect on the series resistance of a solar cell, through a study of the sheet resistance (Rsh) and contact resistance (Rc) of its front 
layers i.e. a sputtered transparent conductive oxide and evaporated metal contacts. We have found by four-point probe and the 
transfer length methods that dry-etched nanopatterns render the highest Rsh and Rc values. Wet-etched nanopatterns, on the 
other hand, have less impact on Rc and render Rsh similar to that obtained from the nontextured case. 
 
Index Terms—Crystalline silicon, four-point probe, inverted pyramids, light trapping, nanoimprint, surface texturing, thin film 
solar cells, transfer length method. 
 
I. INTRODUCTION 
Following the course of absorber layer thinning that can be of 
interest for cost reduction, increased open circuit voltage and 
even material flexibility, ultra-thin monocrystalline silicon 
solar cells with thicknesses in the range of 1-40 µm are 
considered. For such thin crystalline silicon (c-Si) layers, light 
trapping in the red part of the spectrum becomes crucial, and 
the high material consumption caused by random-pyramid 
texturing (RPT) cannot be tolerated. Thanks to advancements 
in nanophotonics, several light management techniques have 
emerged for thin-film solar cells allowing for light absorption 
enhancement with the lowest possible material consumption 
[1]–[8]. 
Among those surface texturing techniques, two-dimensional 
 
 
(2D) periodic surface nanopatterning [9][10] has been shown 
to improve light absorption into the photoactive layer of thin-
film c-Si Heterojunction (HJ) solar cells, boosting their short-
circuit current [11]–[14]. In such cells, surface nanopatterning 
has been integrated by the combination of nanoimprint 
lithography (NIL) [15] and reactive ion etching (RIE) 
producing what we call dry-NIL pattern. However, such light 
patterning technique has the downside of deteriorating the 
electrical performance of their host c-Si HJ solar cells. As we 
previously described in [11], electrical performance 
deterioration due to dry-NIL integration is twofold. Firstly, it 
reduces the open circuit voltage (VOC) due to the profound 
surface damage caused by RIE, which in turn results in high 
surface recombination velocity and low minority-carrier life 
time [16]. Secondly, it reduces the solar cell fill factor (FF) 
due to poor contact between front layers that results in 
increased series resistance. 
In order to tackle the first issue, a combination of 
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lithography with wet etching (wet-NIL) has been proposed as 
a variation of dry-NIL [16][17]. This combination enabled the 
fabrication of inverted nanopyramid structures that avoid the 
surface damage caused by RIE, and a nanotextured surface 
that can easily be passivated leading to lower surface 
recombination velocity and higher lifetime, without sacrificing 
the good optical propertied achieved by dry-NIL. As shown in 
[16], surface recombination velocities in the same order of 
magnitude as for RPT can be achieved with a-Si:H as surface 
passivation. 
In this work we extend the study we performed earlier in 
[10] where we characterized the impact of dry-NIL on c-Si HJ 
solar cells. Herein we investigate the impact of surface 
nanotexturing on the series resistance, which can be 
characterized by breaking it down into sheet resistance (Rsh) 
and contact resistance (Rc) of the front layers that are affected 
by surface texturing i.e. transparent conductive oxide (TCO) 
and metal contacts. We measure Rsh and Rc for separate layers 
deposited on top of our textures of interest, dry-NIL, wet-NIL 
and RPT. For the sake of process simplicity, the textures were 
performed on wafers instead of thin c-Si films, as described in 
section II.B. Rsh and Rc are measured using the four-point-
probe (4PP) method and the transfer length method (TLM), 
respectively. 
II. EXPERIMENTAL DETAILS 
A. Resistance Characterization Techniques 
For measuring Rsh and Rc, the TLM is used [18]. Typically, 
the TLM test structure, sometimes called the ladder structure 
[19], is composed of  equally-spaced contacts of length L, 
width W and separation d, as depicted in Fig. 1(a). A bias is 
applied between a reference contact and another one separated 
by a distance 𝑑, allowing current to flow between them, from 
which measurement the resistance is calculated. The current 
measurement is repeated between the same reference contact 
and another one separated by a distance 𝑖𝐿 + (𝑖 + 1)𝑑, where 
𝑖 = 1,2,3, …. This enables measuring the resistance between 
contacts at different separation distances. The resulting curve 
is, typically, a straight line whose slope is Rsh of the layer 
beneath the contacts, and whose intersection with the 
resistance axis is twice Rc. Both quantities, Rc and Rsh, can be 
related by the following equation: 
𝑅𝑐 =
𝜌𝑐
𝐿𝑇𝑊
; 𝐿𝑇 = √𝜌𝑐 𝑅𝑠ℎ⁄  (1) 
Where 𝜌𝐶 , LT and W are the specific contact resistivity, the 
transfer length and the contact width, respectively.  
A variant of the ladder structure is the unequally spaced 
TLM structure with the voltage applied between adjacent 
contacts (see Fig. 1(b)). This structure helps evading current 
flowing into intermediate contacts of the ladder structure 
which results in erroneous measurements [19]. In section 
III.B.1 we discuss and compare both TLM structures in terms 
of their compatibility to our samples and the materials to be 
measured. 
To characterize the impact of surface texturing on each layer 
individually we also use 4PP [20][21]. For accurate 4PP 
measurements, the sample under test should be sufficiently 
large to avoid sample size sensitivity during measurements. In 
our case we use 5 cm x 5 cm samples, a size that guarantees 
the validity of our measurements [21]. Moreover, for both 4PP 
and TLM, the sample under test should consist of the front 
layer to be measured placed on a nonconductive substrate. The 
nonconductive substrate is necessary to ensure that the applied 
current is only flowing in the front layer, avoiding current 
leakage. 
 
Fig. 1. TLM test structures with (a) equally-spaced, and (b) unequally-spaced 
contacts. The contacts dimensions were L=1mm, W=1cm, d=d1=1mm, 
d2=3cm, d3=5cm, … 
B. Sample Preparation 
The fabrication of our test structures started by surface 
texturing of a supporting substrate on which the layers under 
test were deposited. The choice of the supporting substrate 
material is based on several aspects that ensure the relevance 
and accuracy of our measurements. Firstly, it should be 
resistive to avoid current leaking into it during measurements. 
Secondly, it should be sufficiently easy to etch during surface 
texturing, either by RPT, dry-NIL or wet-NIL. We chose the 
supporting substrate to be a lightly doped (<1015 B atoms cm-
3) p-type c-Si mirror-polished Cz wafer, on which texturing is 
conducted, insulated by a 20-nm layer of intrinsic amorphous 
silicon (i/a-Si:H) deposited by a plasma enhanced chemical 
vapor deposition (PECVD), by the combination of SiH4 (25 
sccm) and H2 (75 sccm) gasses at 250 ℃ for 20 seconds, using 
Plasmalab System 100 from Oxford Instruments. 
We fabricated 2D periodic surface nanotextures using 
thermal NIL combined with either plasma etching in the case 
of dry-NIL [11] or wet chemical etching in the case of wet-
NIL [16]. A thermoplastic resist was first spin-coated on then 
c-Si substrate. Then the pattern, with a predefined period of 
900 nm, was transferred to the thermoplastic resist using an 
elastomer stamp and a heated hydraulic press. Etching was 
then used to transfer the pattern from the thermal resist, which 
acts as an etch mask, to the slab. In the case of dry-NIL, RIE 
was applied with the appropriate power, pressure, gas (SF6 and 
O2) concentration and time to etch silicon for the desired 
shape and depth of the nanostructures. RIE was done using a 
capacitively coupled plasma etcher, ML200 from DSE. 
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As for wet-NIL, a solution of 10% diluted tetramethyl 
ammonium hydroxide (TMAH) was used as an etchant. 
However, the resist is not adequately resistant to the TMAH 
solution. We therefore used a 100-nm SiOx layer deposited by 
PECVD as an intermediate. As depicted in Fig. 2, after the 
pattern transfer to the thermoplastic resist, we transferred the 
pattern from the resist mask to the SiOx mask using dry 
etching. TMAH was then used to transfer the pattern from the 
SiOx mask to the c-Si slab. The SiOx mask was then removed 
by 1% diluted HF solution. 
 
Fig. 2.  Wet-NIL process: (a) pattern transfer from the stamp to the resist. (b) 
SiOx dry etching using CHF3. (c) TMAH etching of c-Si forming inverted 
pyramids. (c) Final wet-NIL pattern after removal of both thermal-resist and 
SiOx masks. 
As for the 4PP test structure fabrication (see Fig. 3(a)), a 
blanket layer of the material under test was deposited on the 
textured substrate. In this work we are interested in measuring 
Rsh for front layers that are affected by surface texturing i.e. 
ITO and Ti/Pd/Ag, taking the solar cell structure we 
mentioned previously as a reference. Each layer was deposited 
on top of a nontextured surface, and RPT, dry-NIL and wet-
NIL textured surfaces, for comparison. ITO was deposited by 
sputtering (75 nm) using an in-line sputter system A600 from 
Leybold Optics, whereas Ti/Pd/Ag were deposited by Pfeiffer 
PLS 580 electron beam evaporation system (70 nm/50 nm/3 
um). 4PP measurements were performed using Automatic 
Four Point Probe Meter Model 280 from Four Dimensions. As 
for the TLM test structure depicted in Fig. 3(b), we deposited 
an ITO layer and then (un)equally spaced contacts of Ti/Pd/Ag 
with dimensions depicted in Fig. 1. These measurements were 
conducted using KB-100 system from KB-ESI. 
 
Fig. 3.  (a) 4PP test structure with the layer-under-test deposited on a 
nonconductive textured substrate, and (b) TLM test structure showing 
Ti/Pd/Ag contacts (only two contacts are shown) deposited on top of an ITO 
layer. Both test structures are displayed with the wet-NIL texture. 
III. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Topography 
Fig. 4(a) to (f) shows cross-sectional SEM images for ITO 
and Ti/Pd/Ag deposited on top of dry-NIL, wet-NIL and RPT-
textured silicon. The RPT are typically 5-10 micron high, 
while the dry-NIL and wet-NIL are about 500 nm deep. The 
ITO layer, as one can see in Fig. 4(a), suffers from non-
conformal deposition on top of dry-NIL: its thickness is 
greatly reduced from 75nm at the top flat part to ~10nm at the 
side walls and the bottom of the dry-NIL. This is because of 
Fig. 4.  SEM images for ITO on (a) dry-NIL, (b) wet-NIL and (c) RPT; and Ti/Pd/Ag on (d) dry-NIL, (e) wet-NIL and (f) RPT. 
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the presence of a strong slope that prevents the sputtered 
material to deposit on the side walls. In contrast, ITO has a 
nearly constant thickness on top of both wet-NIL and RPT 
(Fig. 4(b) and (c)) thanks to the constant positive slope of 
pyramids. 
As for Ti/Pd/Ag (Fig. 4(d) to (f)) dry etching prevents the 
continuous deposition of the layer by introducing voids [Fig. 
4(d)] that could be attributed to the combination of two 
effects: firstly, the high slope of dry-NIL, and secondly, the 
fact that electron-beam-evaporated Ag can be expected to 
have a grain size of ~100 nm [22] which is comparable to the 
dry-NIL feature size. Given its shape, one can suppose this led 
to shadowing as the layer grows. These voids, however, are 
absent in the case of wet-NIL where Ti/Pd/Ag is conformally 
deposited following the shape of the inverted pyramids. As in 
the case of ITO, RPT also exhibits conformal deposition of the 
layer deposited on top of it. 
B. TLM 
1) Choice of TLM structure 
In order to ensure the accuracy of our measurements, we 
first compared the two TLM structures we introduced in 
section II.A in terms of their transfer lengths. Both structures 
are composed of Ti/Pd/Ag contacts deposited on top of an ITO 
layer on a nontextured silicon wafer, as shown on Fig. 3(b). 
As shown in Fig. 5 and Table I, we notice that the resulting 
ITO sheet resistance from the equally spaced structure is lower 
than that from the unequally spaced one. This is due to the fact 
that LT (8.1 µm), calculated using (1), is significantly lower 
than the length of the metal contacts (L = 1mm). This leads to 
current flowing into intermediate contacts when the 
measurement is performed between nonadjacent contacts of 
the equally-spaced structure [19]. This problem is eliminated 
in the unequally spaced structure, which is confirmed by the 
fact that the resulting ITO sheet resistance, using this 
structure, is consistent with the one measured using 4PP [Fig. 
7(a) discussed in section III.C]. We therefore use the 
unequally-spaced TLM structure in our measurements as it 
guarantees their accuracy. 
 
Fig. 5.  TLM results comparing the equally and unequally spaced TLM 
structures. The equally-spaced structure exhibits lower sheet resistance, 
represented by the line slope, compared to the unequalled-spaced one.  
 
 
 
TABLE I 
TLM RESULTS COMPARISON BETWEEN THE EQUALLY AND UNEQUALLY-
SPACED TLM STRUCTURES. PARAMETERS ARE DERIVED FROM TLM RESULTS 
DEPICTED IN FIG. 5. 
 
TLM Structure 𝑹𝒔𝒉[𝛀/□] 𝑹𝒄[𝛀] 𝑳𝑻[𝝁𝒎] 
Equally-spaced 35.6 1.87 16.6 
Unequally-spaced 47.7 1.23 8.1 
2) TLM Results 
Fig. 6 and Table II show the TLM results of Ti/Pd/Ag 
contacts deposited on an ITO layer with the substrate textured 
by RPT, dry-NIL (etching time 45 s) and wet-NIL. One can 
see that dry-NIL resulted in the highest Rsh and Rc. RPT 
resulted in a higher Rsh but similar Rc compared to the non-
textured substrate. We can suppose that the increased surface 
area (by ~1.732 times [23][24]) led to thinner layer deposition, 
both for ITO and metals, increasing their individual sheet 
resistances, whereas the contact between them has not been 
significantly affected as in the case of dry-NIL.  
On the other hand, wet-NIL resulted in characteristics close 
to the nontextured case with almost two coinciding TLM lines 
[see Fig. 6]. Rsh has a magnitude close to the nontextured case 
[see Table II], thanks to conformal deposition on top of the 
inverted pyramids, as shown by SEM images. However, Rc is 
significantly higher, although smaller than for dry-NIL. 
 
Fig. 6.  TLM results of Ti/Pd/Ag contacts on ITO layer deposited on a non-
textured and dry-NIL, wet-NIL, and RPT-textured substrates. 
TABLE II 
TLM RESULTS OF TI/PD/AG CONTACTS ON ITO LAYER DEPOSITED ON A 
NONTEXTURED AND DRY-NIL, WET-NIL, AND RPT-TEXTURED SUBSTRATES. 
Texture 𝑹𝒔𝒉 [𝛀/□] 𝑹𝒄 [𝛀] 
Nontextured 41.7 0.02 
Dry-NIL 83.8 0.885 
Wet-NIL 41.2 0.65 
RPT 69 0.13 
C. Sheet Resistance 
In order to further investigate the effect of surface texturing 
on the front layers, we performed 4PP measurements. As dry-
NIL gave the highest sheet resistance, we performed ITO and 
Ti/Pd/Ag depositions on dry-NIL with varying pattern 
dimensions. Dry-NIL size was varied by the RIE time, from 0 
to 45 seconds, and then Rsh was measured for each case. Fig. 
7(a) and (b) show Rsh of ITO and Ti/Pd/Ag as a function of 
RIE time of dry-NIL comparing it to RPT and wet-NIL. We 
notice from Fig. 7(a) that ITO Rsh tends to increase as etching 
time increases, with ~20 Ω/□ increase after 45s etch (deep dry-
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NIL) compared to the non-textured case (zero RIE time). This 
is supported by the cross-sectional SEM images in Fig. 4(a) to 
(c) where ITO is conformally deposited on the inverted 
pyramids, whereas ITO thickness is greatly reduced at the side 
walls and the bottom of dry-NIL.  
As for the Ti/Pd/Ag, the results are depicted in Fig. 7(b). Rsh 
of Ti/Pd/Ag increases as the etching time increases, with RPT 
having the highest Rsh, possibly for the same reason we 
mentioned in the case of ITO. Wet-NIL has the lowest sheet 
resistance similar to the nontextured case. These results are 
supported by the cross-sectional SEM images showed in Fig. 
4(d) to (f) depicting the formation of voids inside the Ag layer 
in the case of dry-NIL only. However, the increase in Rsh is in 
the range of mΩ/□ which is not as significant as in the case of 
ITO with Ω/□. We can suppose this is owing to the low bulk 
resistivity of Ag, 1.5 µΩ.cm, compared to 375 µΩ.cm for ITO, 
calculated from the measured Rsh and the deposited 
thicknesses on nontextured substrates. These measured 
resistivity values are consistent with values in literature 
[22][25]. 
 
Fig. 7.  The effect of dry-NIL size, represented by the RIE time, on the 
measured sheet resistance of (a) ITO and (b) Ti/Pd/Ag..The results are 
compared to wet-NIL and RPT with the line width representing the standard 
deviation of the sheet resistance. The inset shows cross-sectional SEM images 
that show the dry-NIL pattern shape evolution on a c-Si substrate at 15 s and 
35 s RIE time. 
IV. CONCLUSION 
Resistance and topographical characterizations have been 
conducted for solar cells’ front layers deposited on top of three 
different surface topographies, dry-NIL, wet-NIL and RPT. 
Sheet resistance measurements were realized using the 4PP 
method for ITO and Ti/Pd/Ag. Contact resistance was 
measured using the TLM method for Ti/Pd/Ag contacts on top 
of an ITO layer.  
Dry-NIL leads to patterns that increase the sheet resistance 
of sputtered ITO, which we could attribute to nonconformal 
deposition on the bottom and sidewalls of the pattern, as 
revealed by SEM. Moreover, for Ti/Pd/Ag, dry-NIL resulted 
in voids inside the metal, slightly increasing its sheet 
resistance. For the same combined reasons, contact resistance 
increased as well. On the other hand, wet-NIL resulted in a 
sheet resistance with a magnitude close to the nontextured 
case for all layers. This was attributed to its smooth slopes 
along the crystalline axes, characteristic of the alkaline wet 
etching of a (100) c-Si surface. 
Such measurements give a good insight of how surface 
texturing could affect the FF of c-Si HJ solar cells. TCO has 
been found to be a sensitive material to surface texturing due 
to its high resistivity compared to metals. Because of this 
sensitivity, the shape of the nanopatterns should be carefully 
tuned to keep a good conformality of the TCO. 
REFERENCES 
[1] E.-C. Wang, S. Mokkapati, T. P. White, T. Soderstrom, S. Varlamov, 
and K. R. Catchpole, “Light trapping with titanium dioxide diffraction 
gratings fabricated by nanoimprinting,” Prog. Photovoltaics Res. Appl., 
vol. 22, no. 5, pp. 587–592, May 2014. 
[2] E.-C. Wang, S. Mokkapati, T. Soderstrom, S. Varlamov, and K. R. 
Catchpole, “Effect of nanoparticle size distribution on the performance 
of plasmonic thin-film solar cells: monodisperse versus multidisperse 
arrays,” IEEE J. Photovoltaics, vol. 3, no. 1, pp. 267–270, Jan. 2013. 
[3] X. Meng, E. Drouard, G. Gomard, R. Peretti, A. Fave, and C. Seassal, 
“Combined front and back diffraction gratings for broad band light 
trapping in thin film solar cell.,” Opt. Express, vol. 20, no. S5, pp. A560-
A571, 2012. 
[4] P. Spinelli, M. a Verschuuren, and A. Polman, “Broadband 
omnidirectional antireflection coating based on subwavelength surface 
Mie resonators,” Nat. Commun., vol. 3, p. 692, Jan. 2012. 
[5] H. Atwater, D. M. Callahan, K. A. Whitesell, and R. Pala, “Photovoltaic 
light management with ordered and disordered metal and dielectric 
nanostructures,” in Proc. Renewable Energy and the Environment Optics 
and Photonics Congress, 2012, p. JM4B.1. 
[6] C. Uhrenfeldt, T. F. Villesen, B. Johansen, and A. Nylandsted Larsen, 
“Investigation of ordered versus randomly distributed metallic light 
scatters for light coupling into silicon,” in Proc. Renewable Energy and 
the Environment Optics and Photonics Congress, 2012, p. JM3B.5. 
[7] N. Alemu and F. Chen, “Plasmon-enhanced light absorption of thin-film 
solar cells using hemispherical nanoparticles,” Phys. status solidi, vol. 
211, no. 1, pp. 213–218, Jan. 2014. 
[8] S. Jain, V. Depauw, V. D. Miljkovic, A. Dmitriev, C. Trompoukis, I. 
Gordon, P. Van Dorpe, and O. El Daif, “Broadband absorption 
enhancement in ultra-thin crystalline Si solar cells by incorporating 
metallic and dielectric nanostructures in the back reflector,” Prog. 
Photovoltaics Res. Appl., Jul. 2014. 
[9] A. Bozzola, M. Liscidini, and L. C. Andreani, “Photonic light-trapping 
versus Lambertian limits in thin film silicon solar cells with 1D and 2D 
periodic patterns,” Prog. Photovoltaics Res. Appl., vol. 20, no. 4, pp. 
442–451, Jun. 2012. 
[10] A. Herman, C. Trompoukis, V. Depauw, O. El Daif, and O. Deparis, 
“Influence of the pattern shape on the efficiency of front-side 
Abdo et al. © 2015 IEEE – DOI: 10.1109/JPHOTOV.2015.2447831 6 
periodically patterned ultrathin crystalline silicon solar cells,” J. Appl. 
Phys., vol. 112, no. 11, pp. 113107-1–113107-7, 2012. 
[11] I. Abdo, C. Trompoukis, J. Deckers, and V. Depauw, “Integration of a 2-
D Periodic Nanopattern Into Thin-Film Polycrystalline Silicon Solar 
Cells by Nanoimprint Lithography,” IEEE J. Photovoltaics, vol. 4, no. 5, 
pp. 1261–1267, Sep. 2014. 
[12] C. Trompoukis, O. El Daif, V. Depauw, I. Gordon, and J. Poortmans, 
“Photonic assisted light trapping integrated in ultrathin crystalline 
silicon solar cells by nanoimprint lithography,” Appl. Phys. Lett., vol. 
101, no. 10, pp. 103901-1–103901-4, 2012. 
[13] A. Rahman, A. Ashraf, H. Xin, X. Tong, P. Sutter, M. D. Eisaman, and 
C. T. Black, “Sub-50-nm self-assembled nanotextures for enhanced 
broadband antireflection in silicon solar cells.,” Nat. Commun., vol. 6, p. 
5963, Jan. 2015. 
[14] S. Wang, B. D. Weil, Y. Li, K. X. Wang, E. Garnett, S. Fan, and Y. Cui, 
“Large-area free-standing ultrathin single-crystal silicon as processable 
materials.,” Nano Lett., vol. 13, no. 9, pp 4393–4398, 2013. 
[15] L. J. Guo, “Nanoimprint Lithography: Methods and Material 
Requirements,” Adv. Mater., vol. 19, no. 4, pp. 495–513, Feb. 2007. 
[16] C. Trompoukis, O. El Daif, P. Pratim Sharma, H. Sivaramakrishnan 
Radhakrishnan, M. Debucquoy, V. Depauw, K. Van Nieuwenhuysen, I. 
Gordon, R. Mertens, and J. Poortmans, “Passivation of photonic 
nanostructures for crystalline silicon solar cells,” Prog. Photovoltaics 
Res. Appl., vol. 23, no. 6, pp. 734–742, Jun. 2015. 
[17] A. Mavrokefalos, S. E. Han, S. Yerci, M. S. Branham, and G. Chen, 
“Efficient light trapping in inverted nanopyramid thin crystalline silicon 
membranes for solar cell applications,” Nano Lett., vol. 12, no. 6, pp. 
2792–2796, Jun. 2012. 
[18] A. Goetzbergear and R. M. Scarlett, “Research and investigation of 
inverse epitaxial UHF power transistors,” Air Force Avionics Lab., 
Wright-Patterson Air Force Base, OH, USA, Rep. AD0605376, 1964 
[19] D. K. Schroder, Semiconductor Material and Device Characterization, 
3rd ed. New York, NY, USA: Wiley, 2006, pp. 127–149. 
[20] F. M. Smits, “Measurement of sheet resistivities with the four-point 
probe,” Bell Syst. Tech. J., vol. 37, no. 3, pp. 711–718, May 1958. 
[21] L. Valdes, “Resistivity measurements on germanium for transistors,” in 
Proceedings of the IRE, 1954, vol. 42, no. 2, pp. 420–427. 
[22] Logeeswaran Vj, N. P. Kobayashi, M. S. Islam, W. Wu, P. Chaturvedi, 
N. X. Fang, S. Y. Wang, and R. S. Williams, “Ultrasmooth silver thin 
films deposited with a germanium nucleation layer,” Nano Lett., vol. 9, 
no. 1, pp. 178–182, Jan. 2009. 
[23] D. Hinken, A. Milsted, R. Bock, B. Fischer, K. Bothe, M. Schutze, J. 
Isenberg, A. Schulze, and M. Wagner, “Determination of the base-
dopant concentration of large-area crystalline silicon solar cells,” IEEE 
Trans. Electron Devices, vol. 57, no. 11, pp. 2831–2837, Nov. 2010. 
[24] X. Wang and M. A. Alam, “Estimating pyramid density of a random-
textured surface by capacitance-voltage measurement of c-Si solar 
cells,” in 2013 IEEE 39th Photovoltaic Specialists Conference (PVSC), 
2013, pp. 1–5. 
[25] F. Haug, R. Biron, G. Kratzer, F. Leresche, J. Besuchet, C. Ballif, M. 
Dissel, S. Kretschmer, W. Soppe, P. Lippens and G. Kratzer, 
“Improvement of the open circuit voltage by modifying the transparent 
indium–tin oxide front electrode in amorphous n–i–p solar cells,” Prog. 
Photovoltaics Res. Appl., vol. 20, no. 6, pp. 727–734, 2012.  
 
